A 4-factor, multilevel, full factorial design of 240 experiments was performed in order to investigate the effect of temperature on the inactivation efficiency of spiked Escherichia coli in simulated solar disinfection of a synthetic secondary effluent. The initial population of the microorganisms was 10 3 , 10 4 , 10 5 and 10 6 CFU/mL, the exposure time 1, 2, 3 and 4 h, the treatment temperature 20, 30, 40, 50 and 60
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Introduction
The scientific basis of solar disinfection was established in the 80s by Acra et al. [1] , marking an era of important advances in solar water purification. Gradually, the laboratory work was implemented in the field, with studies performed by Wegelin et al. [2] or McGuigan et al. [3] , which set the milestones for solar disinfection (SODIS) of water. More specific studies have followed throughout the years, which highlighted the important parameters of the process, as the UV-A dose, boosting efficacy and rendering SODIS a safe practice [4] [5] [6] , by explaining the acute inactivation of microorganisms after a few hours of exposure to sunlight.
In parallel, many studies have initiated a cycle of investigations over the efficacy of solar disinfection for wastewater. This field was relatively unexplored and several aspects needed to be studied; this knowledge area welcomed works conducted by Kositzi et al. [7] and Polo-Lopez et al. [8] and Rizzo et al. [9] , that have investigated several aspects of solar photolytic and photocatalytic treatment in different microorganisms (E. coli, Fusarium). Interest was also given in the enhancement of the process by technical means, such as compound parabolic collector (CPC) solar photo-reactors [10, 11] , with special focus given to the application and reuse of wastewater.
Although an interesting practice, there has not been enough focus on the possibility of treating wastewater exclusively with sunlight. Works that have demonstrated potential application margins, such as Davies-Colley et al. [12] and Craggs et al. [13] in waste stabilization ponds, have indicated the efficiency of sunlight in disinfecting wastewater as well. However, the high retention times make them less attractive than catalytic processes as far as the application point of view is concerned. However, developing countries benefited a lot from SODIS and can possibly benefit from solar disinfection of wastewater. Sanitation conditions in many African countries are marginally non-existent and untreated or poorly treated sewage end up polluting the drinking water supplies [14] . It also occurs that the pre-mentioned regions are areas with a vast number of sunny days per year, so an application of the disinfecting action of light without other technological means could be attractive.
Solar wastewater disinfection follows the same principles as water disinfection; the effect of light against pathogens is the same, but practically, one of the major differences lies in the support microorganisms find in this water matrix. The presence of ions and nutrients, organic matter, etc. provides solid ground for their survival and growth [15] . The process depends on several parameters, which complicate the study more than the drinking water one. Another important aspect is the temperature conditions that are present during the treatment. SODIS applications have reported elevated temperatures and synergistic actions of light and UV [2, 3] , in otherwise simpler water matrices. Reed [16] highlighted, among others, the presence of organic substances in SODIS water; the case of wastewater is an even enhanced one.
Hence, since the number of examined parameters is high, it is useful to employ experimental design techniques, which permit the extraction of information otherwise not visible [17] . This tool has been proven efficient in works that study wastewater disinfection [18, 19] , by creating a pre-designed set of experiments, which explains the process and the interactions between the studied parameters.
Under this prism, the current work focuses on the disinfection of wastewater by solar light alone and a statistical approach has been done, to investigate the behavior of microorganisms in synthetic secondary wastewater, when exposed to sunlight. In summary, a full factorial design has been employed to further investigate the effects of (i) exposure time, (ii) treatment temperature, (iii) initial bacterial population and (iv) sunlight intensity on E. coli, in batch tests, simulating solar disinfection of secondary treated wastewater. The efficiency of the process was measured, as well as a construction of a general linear model, working as an indicator of the process efficiency.
Materials and methods

Preparation of the synthetic secondary effluent
The pre-experimental processes involved with the preparation of the synthetic wastewater included two significant parts: the preparation of the E. coli suspension and the actual wastewater, performed as follows.
Preparation of the bacterial cultures
The selected microorganism was an E. coli K12 strain (MG 1655) and was provided from "Deutsche Sammlung von Mikroorganismen und Zellkulturen". Pre-cultures supplied a colony intended for loop-inoculation in sterile Luria-Bertani broth (10 g Bacto TM Tryptone, 5 g Yeast extract, and 10 g NaCl, per liter of distilled water). After incubation overnight and collection in the stationary phase, bacteria were washed three times, by centrifugation at 5000 rpm, with a neutral pH pre-sterilized saline solution, containing 8 g/L NaCl and 0.8 g/L KCl. The result was a bacterial suspension of 10 9 CFU/mL, approximately.
Composition of the synthetic wastewater
The wastewater employed was described analytically elsewhere [20] . The preparation of the synthetic wastewater took place as follows: 160 mg/L peptone, 110 mg/L meat extract, 30 mg/L urea, 28 mg/L K 2 HPO 4 , 7 mg/L NaCl, 4 mg/L CaCl 2 ·2H 2 O and 2 mg/L Mg 2 SO 4 ·7H 2 O. The initial COD was 250 mg/L COD. In order to better approximate the values of secondary effluent, a 10% dilution was used [21] . 1 mL of concentrated (10 9 ) bacterial solution per liter was dispersed in the solution, to reach an initial population of 10 6 CFU/mL. Consecutive dilutions were done to achieve the lower initial populations.
Simulated solar light specifications
The light source was a bench-scale Suntest solar simulator from Hanau, employing a 1500 W air-cooled Xenon lamp, with effective illumination surface of 560 cm 2 . A portion of 0.5% of the emitted photons fall within a range shorter than 300 nm (UVB) and 7% in the UVA area (320-400 nm). After 400 nm, the emission spectrum follows the solar spectrum. The solar simulator also contains an uncoated quartz glass light tube and cut-off filters for UVC and IR wavelengths. The three intensity levels employed in this study (0, 800 and 1200 W) were monitored by a Global and UV radiometer (Kipp & Zonen Mod. CM3 and CUV3). Concerning the applied intensities, 800 W/m 2 is a feasible value of solar irradiance, in the areas candidate for solar disinfection, in general. On the other hand, 1200 W/m 2 is a relatively high value chosen in purpose, defining (i) a neighboring value to the highest intensity able to reach earth's crust and (ii) a value with profound results, in order to stress the modifications in bacterial kinetics; our investigations (data not shown) indicated that values around 1000 W/m 2 had the desired effect, but not as obvious as the presented ones.
Reactor configuration
The batch tests that withheld the bacterial samples were cylindrical double-wall Pyrex glass bottle reactors (outer diameter 7.5 cm, inner diameter 6.5 cm, height 9 cm, irradiation surface 20.41 cm 2 ), which allow control of the temperature and UVB transmission, as well as mild stirring with magnetic stirrer. Water was taken from the body of the irradiated sample, still under stirring. 
Bacterial enumeration
Bacterial colonies were enumerated by the pour-plating method on 9-cm petri dishes containing PCA agar. Samples were properly diluted to maintain measurable counts on the Petri dishes (15-150 colonies per plate). The detection limit for diluted samples is 10 CFU/ml, and 1 CFU/mL for the undiluted [22] . In all cases, even under 15 colonies per dish, the actual reading of CFU/mL is reported here. In each measurement, plating was done in duplicates, and 5% difference (maximum 10% in low numbers) was obtained. Therefore, for clarity, error bars of the average counts will not be plotted.
Design of Experiments (DOE) set-up
Full factorial DOE was chosen to investigate the influence of the important parameters of treatment time, temperature and initial bacterial population, on the disinfection process and their possible synergies and/or interactions. When a full factorial DOE is chosen, the responses are measured at all the combinations in the different experimental levels. Combining the different factor levels reflects the conditions in which the various responses are measured by the actual experiments. It was chosen over fractional factorial design to prevent confounding and data credibility loss. Table 1 presents the parameters under study and their respective levels.
MINITAB for Windows was used for the data analysis. The DOE was configured as a Multilevel Full Factorial Design, because of the different levels within the parameters. The timespan of the experiment is 4 h, initial bacterial population was chosen to vary from 10 3 to 10 6 CFU/mL and temperature was analyzed for five levels, from 20 to 60 • C. Data analyses are presented grouped by light intensity levels: (i) 0 W, (ii) 800 W and (iii) 1200 W. Table 2 summarizes the DOE for each intensity level. In our work, temperature and irradiation were varied in order to obtain a range of conditions. Some of the conditions tested are hardly feasible in natural conditions, but achievable, for instance, with mechanical assistance by CPCs or solar collectors. The experimental set-up allowed controlling the temperature at desired levels. The point of this study was to investigate the potential synergies and antagonistic effects that temperature would create and influence, during solar disinfection. In any case, with this method of artificial temperature control, we expect to observe the possible combined effects, positive or negative, according to the potential acquired temperatures in a solar disinfection application.
Also, MINITAB was used to display both the sequential sums of squares (Seq SS) and adjusted sums of squares (Adj SS), after the presentation of the Degrees of Freedom (DF). Since the model is orthogonal and does not contain covariates, these two SS values will be the same. The SS quantifies the variability between the groups of interest, here being the values of the first column, the control variable (process efficiency %). In other words, the difference between the source means and the grand mean is represented. Variation between individual scores and the mean of every group is presented by the values; the greater this value is, the bigger the effect of changing that factor on our control variable is. (Fig. 1b , % process efficiency) over time and provides an overview with a clear ineffective area • C) and a thermal effect one. However, the main effects plot (Fig. 1c) does not clearly present the effect of the different temperature ranges and provide a false, rather masked image by the overall means; time for instance seems to be biased by the different efficiencies noticed in Fig. 1a and b and presents quite mild influence in the process, which is not true. Therefore, the graphs are presented divided according to the temperature range they belong, in Fig. 2 .
Results
Dark experiments (
For the first group of graphs, in Fig. 2a (20-40 • C), it can be noticed that there is a slight increase in the bacterial count.
Table 2
Design of experiments set-up. The water matrix supporting the bacterial population is synthetic wastewater and, due to the existing nutrient sources, growth is expected. This observation is valid for all initial bacterial levels and within this increase, there are two tendencies present: Firstly, there is a correlation between the temperature of the reaction and the final bacterial numbers. The 40 • C traces are always higher than the 30 • C traces and them, always higher than the 20 • C traces. This behavior agrees with the fundamental findings of Johnson and Lewin [23] that attribute higher cell division rates in higher temperatures. Secondly, there is a statistical observation presented in Table 3 that generally, higher initial numbers lead to larger percentile increases of population, when the critical temperature is reached. This behavior changes radically above 40 • C. In the same table (Table 3) , we observe that the curves indicate bacterial inactivation instead of bacterial growth. E. coli are mesophilic microorganisms, that typically thrive between 20 and 45 • C [24] . Above this temperature, there is a thermal stress applied to the cells, altering the cell wall plus damaging the proteins and nucleic acids, leading to easier bacterial death [25] . This effect becomes more visible (Fig. 2b) as we increase the temperature from 50 • C to 60 • C. Treating E. coli within high temperatures can result to total inactivation as it can be seen for low initial populations, but slightly more difficult when the initial population is high. Also, we observe that temperatures as high as 60 • C lead to fast inactivation. This is attributable to the increased degradation of the vital components of the cell, by Table 3 Percentile change of bacterial concentration after 4 h of treatment in absence of solar light. the decomposition mechanisms characterized many decades ago [23, 26] (Table 4) . As far as the efficiency of the process is concerned, in terms of removal percentage, we notice the variation in Fig. 2c , which demonstrates the modification of the process, when temperature is increased from 40 to 60 • C. We observe that maximum efficiency is achieved at 60 • C after 1 h and as the time passes, the thermal threshold is lower, reaching 51 • C, for a 4-h period of treatment. An increase of 10 • C achieves dramatic enhancement in removal rates (up to 75%) and the last 10 • C increase ensures total inactivation (Fig. 2d) . The significance of temperature is verified by the P values of the ANOVA table (Table 5) produced by all data from MINITAB, which validates the previous results; in order of significance, temperature is the most important factor that influences the outcome, then treatment time, while the initial population is the least significant among the three. The second group of experiments utilizes solar energy to inactivate E. coli, with the irradiance of the solar simulator set at 800 W/m 2 . The same batch test configurations were used as the control experiments, to ensure comparability among the conditions. Many authors have demonstrated that there is a synergistic action between light and temperature in different media and microorganisms [2] [3] [4] 22, 27] . This test investigates the lighttemperature interaction in synthetic secondary effluent. Fig. 3a demonstrates in overall the evolution of bacterial population over time, grouped by initial numbers and temperature of the process. Within 4 h of treatment, samples that were processed at 20 • C demonstrated a continuous decrease of the population. However, as temperature rises to 30 • C the remaining populations are somewhat equal or higher than the respective ones at 20 • C. The phenomenon is even clearer at temperatures around 40 • C, where insignificant removal rates are demonstrated and presented in Table 5 . Fig. 3b presents an overview of the efficiency of the process, in which we notice a gap, around 40 • C. There is a descending trend until 40 • C and then an increase in the efficiency, which is verified in Fig. 3c ; temperature is dominating the process and modifies the outcome of the experiment. Therefore, once again we observe the two clear groups of graphs, according to the large temperature groups (i) 20-40 • C and (ii) 40-60 • C.
Within this system there are two opposing forces present that determine the outcome so far. Compared to the 0-W/m 2 experiments, first of all, (Figs. 3a and 4a-b) light changes the growth phenomenon observed before. What appears in Fig. 3b(i) as an "island" of low efficiency among the average ones, is attributed to the 40 • C area, which provides with increased metabolic rates and thereby higher remaining populations. On the one hand, we have the disinfecting action of light, which tends to inactivate bacteria as seen in 20 • C curves (Fig. 4a) , with the number of inactivated bacteria vs. initial population increasing when initial population is increased. On the other hand, submitting the population to temperatures around 37 • C, in a nutrient-enhanced matrix as the wastewater, mesophiles, such as E. coli, tend to present their highest reproduction rates [28] . E. coli belongs to this category and is encountered in the human gut [29] , with the normal human body temperatures being the most favorable for their growth. Normally, E. coli are inactivated by exposure to 55 • C for 1 h or 60 • C for 20 min [30] . Hence, as we raise the temperature in the disinfection process, the two concurrent actions tend to balance in favor of the reproduction rates, around 40 • C.
However, a temperature increase over 45 • C would affect E. coli metabolic cycles, and lead to cell death. Indeed, as it is observed, the 50 • C curves (Fig. 4b) after an initial shoulder, a common observation at solar disinfection processes [31] [32] [33] , then present total (10 3 and 10 4 curves) and almost total inactivation (10 5 and 10 6 curves). In addition, we verify that increasing the treatment temperature up to 60 • C leads to total inactivation of the microorganisms before 60 min, regardless of the initial bacterial population.
Furthermore, one can notice the synergy between light effects and temperature increase at the graphs, by comparing Fig. 2 with Fig. 4 : First of all, at 50 • C without light, only samples with 10 3 initial population were inactivated, whereas in presence of light 10 3 and 10 4 were totally inactivated and 10 5 and 10 6 presented a 3 or 4 log 10 U reduction instead of 1 or 2 log 10 U. Secondly, 60 • C treated samples were totally inactivated in less than an hour, slightly faster than in absence of light. Consequently, in the latter case thermal treatment is the main disinfecting force and light is only complementary.
Speaking in terms of efficiency, Fig. 4a-i and b-i, provide information about the effect of each parameter over the total inactivation capability of the process. In the 20-40 • C interval, lower temperatures seem to favor inactivation with the peak appearing between 20 and 25 • C, while treatment time increases the potentials; the 4th hour contributes in the greatest proportion, adding on the inactivation side of the balance. Comparing with the equivalent graphs for 40-60 • C, temperature increase leads to percentile inactivation enhancement, while statistically in both cases, initial bacterial population does not seem to significantly affect the percentage of inactivated bacteria in the process. However, the same actions manage to inactivate lower bacterial numbers more efficiently (in percentage) but in absolute numbers, removal increases with higher populations, due to larger numbers' correspondence of the removal percentage.
Finally, the ANOVA table reveals the important contribution of time and temperature and the milder one from initial bacterial population. The P values presented in Table 5 are also verified by Fig. 4a -ii and b-ii. We draw the information that time almost proportionally increases the total efficiency, while initial population fluctuates around the average inactivated bacteria. What is more important, is the temperature effect on efficiency, which presents what was in detail described before; temperature increase enhances bacterial inactivation, as literature suggested for other water matrices, but only above 40 • C. Otherwise, the disinfection process is delayed by the excessive growth of the microorganisms.
High irradiance experiments (1200 W/m 2 ) -effects of reaction time, temperature and initial population for high intensity irradiation conditions
The final experimental part consists of the runs that utilized high intensity illumination. Higher supply of photons in the system could result to higher possibility of effective hits in the n number of crucial areas of the cell, as described by Harm [31] . Fig. 5a presents an overview of the disinfection reactions of the varied initial population. The main and most profound difference between this set-up and the previous ones, is that all samples regardless of initial population and treatment temperature have been inactivated within the time frame of 4 h. The action of light was more intense and influenced the outcome of the experiments in cases that was not sufficient before. Bacteria have now to cope with higher concurrent light and thermal action, which is expressed by less acute kinetics in the final hour. When the samples were treated at lower temperatures, the disinfection curves again present a lagphase or shoulder, but considerably lower, varying from 30 to 120 min, compared to the minimum 3-h shoulder presented under 800 W/m 2 irradiance. Fig. 5b and c, presents once more the erratic behavior around 40 • C, demonstrated as a lower efficiency area (Fig. 5b) or a mean decrease (Fig. 5c ), however mitigated, compared to the equivalent of 800 W/m 2 or even the increase in numbers observed in null intensity experiments.
What is more, the main effects plot of this high irradiation also adds direct information over the main overall efficiency. All parameters concerned, the addition of light initially increased the efficiency from 35% to 65% (from 0 to 800 W/m 2 ), to reach 80% when high intensity is applied. This is a good indicator of the robustness of the system, predicting, at some extent, the success of the group of trials. Finally, it is also shown that the biggest contribution in bacterial inactivation derives from the 1st hour of illumination and the least, but most important from the application point of view, during the 4th hour. Plus, the drop in efficiency around 40 • C is also visible, like each previous case but less intense; high irradiance illumination compensates for the inactivation difference.
Observing Fig. 6a , it is clear that, at 1200 W/m 2 , the equilibrium between the disinfecting action of light and the growth-stimulating effect of increasing temperatures changes within the 20-40 • C range. After a 2-3-h shoulder, bacterial numbers fall sharply to total disinfection at the fourth hour. This means the disinfecting action becomes higher than the growth force and, as far as the cell is concerned, indeed, the growth action is present but is no longer in favor of their survival. Also, the contour plot of efficiency over time (Fig. 6a-i) has a clear area of total inactivation, after 3.5 h, while temperature increase has a mitigated effect of delay in inactivation, compared to all other cases till now.
For higher temperatures, it is shown that at 50 • C, compared to 0 and 800 W/m 2 , the same process at 1200 W/m 2 is completed faster, compared with the cases it was completed before, and in total, all cases resolved to total inactivation. As shown in Fig. 6b , the disinfection kinetics at these particular conditions (1200 W/m 2 , 50 • C) is very sensitive to the initial bacterial concentration, probably attributable to shielding [34] playing a critical role in these runs. At 60 • C and 1200 W/m 2 , complete disinfection is achieved faster than at 0 or 800 W/m 2 . Where in absence of light inactivation time was around an hour, at 800 W/m 2 slightly less, and now is even less than 30 min. Finally, this outcome is common for all initial populations; all result to total inactivation faster than their respective 800 W/m 2 curves.
The contour plots of the process efficiency ( Fig. 6b-i ) indicate clearly the bigger "effective" area of >99%, and the relatively higher rates; no area lies under 50% bacterial inactivation even after only 1 h. As treatment time increases the efficiency increases as well, however, the same cannot be observed for temperature. For instance, at 50 • C, only 2.5-3 h are sufficient to achieve total inactivation, demonstrated in Fig. 6b -ii. Also, from the ANOVA table we draw the information that the efficiency is highly correlated only with treatment time and temperature.
Modeling solar disinfection of secondary treated wastewater
As a result of the statistical interpretation of the experimental data, a simplified model can be proposed. Through the statistical software of MINITAB, a model is suggested, which relates the response factors with the parameters of the process, in order to further analyze the experimental concept, and help facilitate all these experimental runs [19] .
In our experiments, the parameters involved in the process were treatment time, temperature, initial population and light intensity. Furthermore, in order to achieve a decent fitting model, the interactions of the parameters were used; the first-order model (20- ANOVA table for the model  (Table 6) , confirming the small contribution of the initial population to the model. This figure represents the 240 experiments conducted in these conditions and X axis presents the order of experimental runs, from 1 to 240. Each X value corresponds to an Efficiency value, shown in Y axis. The difference between the experimental and the calculated value (linear model values) is shown by the distance among the two corresponding marks. We can see that the trends are similar; the values follow the same tendency and are relatively close.
However, following the same principle noticed in the disinfection experiments, we can propose splitting the data in two sets, of lower and equal to 40 • C and to higher than 40 • C. Even though the use of interactions suggests the introduction of the synergies (especially light and temperature) in the model, we face a possible danger of over-fitting and un-necessary complexity in a simple concept, like the general linear model. For the above reasons, we introduce a temperature-dependent linear model, without the use of interactions between the parameters.process efficiency(%) = First of all, the coefficients are included in Table 6 . We observe that the new model has more advantages than the formerly suggested; the regression standard error (S) is lower, it does not use 2nd level interactions and in addition, it yields higher R 2 values. Therefore, it is a simpler and more accurate model, describing in better extent the evolution of the process efficiency. Fig. 7b and c presents in separate plots the experimental values acquired versus the predicted ones from the model (40 • C plotted in both figures for better demonstration of the temperature evolution). All things considered, we suggest that this temperature-dependent model is a good indicator of the tendencies present in solar disinfection of wastewater or an estimating tool concerning the remaining population within some range, rather than an actual predictor of the efficiency.
Discussion
Inactivation mechanism: light source and bacterial damage
Solar disinfection experiments were conducted under a solar simulator that emits all spectrum from 290 nm and above, excluding infrared wavelengths, due to the existence of cut-off filters. Therefore, the actions expected should be attributed UVB, UVA and visible light.
UVB irradiation
Matallana-Surget et al. [35] have stated the double action of UVB irradiation; in general, UVB damage is considered to mainly cause direct DNA damage, through the creation of photoproducts (cyclobutane pyrimidine dimer and the pyrmidine (6-4) photoproducts) [36] . They also mention the creation of internal and external reactive oxygen species (ROS) such as hydrogen peroxide (H 2 O 2 ), and more profoundly, the creation of singlet oxygen [37] . These ROS attack nucleic acid, proteins and cell lipids [38] . However, UVB is very often overlooked, although it has a relatively high contribution in bacterial inactivation. The important impact of UVB inactivation of bacteria has been stated since 1974 [39] , there are very few works that add up to this wavelength band to attribute part of the bacterial inactivation. Of course, this happens due to the sensitivity of UVB to meteorological phenomena, but this is far from our case, and we cannot ignore a force two or three orders of magnitude higher than UVA [40, 41] . Also, the peak of UVB germicidal activity, roughly among 300 and 310 nm, is clearly within our range [41] and according to previous reports, UVB radiation of 313 nm demonstrates an interaction with the 365 nm, to enhance DNA transformation (Peak et al., 1975; Tyrrell and peak, 1978) [53, 54] . Hence, we have a double UVB action, of DNA strand break, and the creation of ROS which have been identified to be implicated in bacterial inactivation through oxidative stress. 
UVA irradiation/near-UV visible light
UVA-induced loss of bacterial cultivability is attributed to the catalysis of the formation of ROS. It is the least effective irradiation range to damage bacterial DNA directly, but its proven efficiency [42] comes from the biological effects of internal and external ROS attacks, such as protein destruction or adducts of nucleic acid with membrane proteins with the bacterial envelope escaping key damage, toward cell inactivation [43] . One of the first attacks is the respiratory chain and the cell's potential to produce ATP (Bosshard et al., 2010) [55] . Other attacks include internal photo-Fenton reaction [44] due to loose cell iron sources, disruption of normal internal ROS suppression mechanism (SOD, catalase etc.) (Chiang and Schellhorn, 2012) and others, all related by the ROS production inside and outside the cell. ROS are normal by-products of bacterial respiratory chain, and bacteria possess a big number of suppressive mechanisms (Mishra and Imlay, 2012) [56, 57] . Hence, UVA damage is an internal/external oxidative damage, plus the internal/external photo-Fenton contribution, with measurable effects; an increase in dose can inflict greater damage [10] .
Inactivation mechanism: influence of the water matrix
There is no disagreement that the majority of the solar disinfection experiments were conducted in distilled or drinking water, making the inactivation mechanism clear and well established. The main difference of this synthetic secondary effluent is the added salts and organic components. Marugán et al. [15] have explained that during bacterial osmotic stress among the first released ions are calcium and magnesium ones, while Caballero et al. [45] stated the importance of organic substances as nutrient sources for bacteria; therefore, bacterial survival/growth is favored in this matrix. Given the absence of light in the first group of experiments, growth is normal and expected, and as temperature rises, with a peak around 35-39 • C (according to our discreet choice, 40 • C growth will be increased. However, this behavior is expected to change when the irradiation is present and light is applied to the sample. The presence of organic substances can induce an indirect stress. They can either be endogenous, like porphyrins, co-enzymes or cytochromes, or exogenous, synthetical ones, which lead to either internal or external photosensitized matter. After receiving UV irradiation, this effect can cause indirect photolysis, while the photo-sensitizers are in an excited, high energetic state [16, 46, 47] . Other works however, have demonstrated reduction of cell inactivation, when inorganic and organic compounds were present [48] [49] [50] .
Temperature influence and evolution of experiments
As demonstrated in the experimental part, temperature altered the outcome of the inactivation assays in great extent, from level to level. For this reason, the experiments were divided in two parts, below and over 40 • C degrees. Wegelin et al. [2] reported no differences between 12 and 40 • C in water, and Reed [16] explained this behavior by the double effect of temperature range. When temperature is increased, growth is favored, and inactivation as well: Thermally-driven growth is canceled by oxygen depletion, due to its lower solubility at higher temperatures. In our case, growth was favored to a point that the synergic effect was canceled, depletion of oxygen did not occur (samples under mild stirring) and eventually, until the intensity was increased over 1000 W/m 2 , light alone could not overcome the rapid growth. Rincon and Pulgarin [51] suggested the increase in intensity to efficiently remove E. coli, and also, the effects of physiological bacterial state; we adopted the same techniques to ensure reproducible results.
When low temperatures were applied, metabolic activity was at its minimum, so the same actions of light battled against less targets. This, however was not the case in temperatures around 40 • C, were excessive growth was observed, thus providing more targets for incoming photons or ROS. In addition, this excess growth can lead to extensive shielding from one cell to another [34] , inducing higher inactivation rates for increased populations. In the first steps of each experiment, a shoulder is observed, and this latency effect is due to initial self-defense mechanisms [51] . As time passes and new generations of bacteria appear due to high reproduction rates, the new generations are more resistant to the disinfecting action of light, having endured the exposure of the original cells toward the actions of light. It has been stated that a greater effectiveness of applying a high intensity for a short time is demonstrated and preferred, rather than applying a lower intensity for a longer period of time [52] .
Conclusions
Non-irradiated samples of synthetic secondary effluent treated at 20-40 • C showed slight growth during treatment. Significantly, thermal inactivation predominated at 50 • C and was total at 60 • C.
Irradiation at 800 W/m 2 was sufficient to suppress growth at 20-40 The profound actions of UVB and UVA irradiation demonstrated different results, according to the experimental temperature range, with the cases of very low and very high demonstrating the best results, due to either lower metabolic rhythm or synergy between temperature and light, plus thermal modifications of cells' proteins.
A 4-factor, multilevel, complete factorial design of experiments has proved a powerful, useful tool to evaluate the main variables governing disinfection. A linear model with interactions (R-Sq = 65.1%, S = 24.42) has been initially proposed and improved, when it was modified to a temperature dependent one. The new model is simpler (no interactions needed), as well as more accurate (S = 20.0507, R-Sq = 73.08%, for 20 < T ≤ 40 • C and S = 21.9270, R-Sq = 68.41% for 40 < T ≤ 60 • C). While unrelated to any fundamental modeling of the process, it has allowed to statistically determine the significant factors and interactions in the process.
As far as a potential application is concerned, the recommended practice would be to acquire the highest irradiation times possible for the given regional climatological constraints. Given the fact that real applications will be temperature-limited, the design practices should be oriented to acquiring prolonged exposure to sunlight, since we observed that extension of the treatment always favored bacterial disinfection.
